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A. Introduct ion and Objective 
Quant i ta t ive  ana lys i s  by rocket- and sa t e l l i t e -bo rne  mass 
spectrometers of the  atomic oxygen dens i ty  i n  t h e  e a r t h ' s  upper atmos- 
phere is  made d i f f i c u l t  by the  reactive cha rac t e r  of the  oxygen atoms. 
These spec ies  can i n t e r a c t  with s o l i d  sur faces  by adsorption, by forma- 
t i o n  of oxides, and by c a t a l y t i c  production of molecular oxygen. Hence, 
the  oxygen atom concentrat ion a s  seen by a mass spectrometer may be 
s u b s t a n t i a l l y  d i f f e r e n t  from i ts  r e a l  value i n  the  environment because 
of atom removal on the  sur faces  of the  instrument.  The objec t ive  of 
t h i s  pro jec t  is t o  e luc ida te  the  k i n e t i c s  and mechanisms of i n t e r a c t i o n  
of oxygen atoms with s o l i d  sur faces  of engineering in te res t  under con- 
d i t i o n s  s i m i l a r  t o  those encountered i n  the  upper atmosphere. Such 
information w i l l  con t r ibu te  t o  the  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of 
atomic-oxygen composition da ta  reported by mass spectrometers i n  f l i g h t .  
Our experimental approach employs a r eac t ion  vesse l  i n  which the  
t o t a l  gas pressure and the  en ter ing  f l u x  of oxygen atoms a r e  held con- 
s t a n t .  The r a t e  of i n t e r a c t i o n  of oxygen atoms with a metal sur face  is 
evaluated by observing the  diminution i n  atom f l u x  a t  the  o u t l e t  of the  
vesse l  when a specimen of the  mater ia l  of i n t e r e s t  i s  in se r t ed  i n t o  the  
reac tor .  The apparatus was described i n  Quar t e r ly  S ta tus  Report No. 4 
(June 1, 1968), and the  a n a l y t i c a l  bas i s  of the  experiment w a s  discussed 
i n  Quarter ly  S ta tus  Report No. 5 (September 1, 1968).  Resul ts  obtained 
with gold- fo i l  and s i l v e r - f o i l  specimens were described and discussed i n  
Quar t e r ly  S ta tus  Reports No. 6 (December 1, 1968) and No. 7 (March 1, 
1969).  
B. Experiments 
1. Refinement of Analyt ical  Model 
The Need for a B e t t e r  Model. The b a s i s  of our determination of the  
e f f i c i ency  with which a metal sur face  removes impinging oxygen atoms 
from the  gas phase i s  a measurement of the  surviving f l u x  of atoms a t  
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t h e  o u t l e t  of a r eac to r  containing a specimen of t he  metal of i n t e r e s t .  
An approximate model f o r  such a system assumes a " s t i r r e d '  r eac to r  with 
neg l ig ib l e  atom l o s s  wi th in  the  r e a c t o r  i n  the  absence of a metal 
specimen. Thus, no account is taken of the v a r i a t i o n  i n  atom population 
dens i ty  from one end of t he  r eac to r  t o  the  o ther .  Using t h i s  model one 
can compute a l o s s  coe f f i c i en t ,  A, based on the  measured value of atom 
concentrat ion a t  the  o u t l e t  of t he  empty reactor ,  n*, and t h a t  a t  t he  
o u t l e t  of t he  specimen-containing reactor ,  n: 
In  t h i s  expression 0 is  t h e  r a t i o  of the specimen sur face  a rea  A t o  the  
co r s s  s ec t iona l  a r e a  of the  r eac to r  o u t l e t  aper ture  A . It  is termed the  
e f f e c t i v e  c o l l i s i o n  number of the  specimen. 
S 
e 
This  t h e o r e t i c a l  approach places no l i m i t a t i o n  on the  geometric con- 
f i g u r a t i o n  of t h e  specimen. In  our experiments, therefore ,  w e  adopted a 
convenient arrangement which permitted f lash-cleaning of the  surface; 
namely, a long ribbon, suspended from e l e c t r i c a l  lead-throughs, which 
assumed a U-shape centered longi tudina l ly  about t h e  a x i s  of the  reac tor .  
Some discrepancy appeared i n  experiments w i t h  a s i l v e r  specimen between 
the  value of A computed from Eq. 1 and t h a t  derived from so rp t ion  r a t e  
measurements.2 This ind ica ted  a need t o  r e f i n e  the  a n a l y t i c a l  model t o  
more c l o s e l y  approximate the  physical arrangement of the  experiment. 
Development of a Better Model. Consideration of k i n e t i c  theory 
shows t h a t  i n  the  molecular flow regime a f i n i t e  concentrat ion gradien t  
e x i s t s  wi th in  the  c y l i n d r i c a l  r eac to r  so t h a t  only a f r a c t i o n  of t h e  gas 
atoms en te r ing  the tube reach the  o u t l e t  even i n  the  absence of atom 
'Quarterly S ta tus  Report No. 5, September 1, 1968, Stanford Research 
2Quar t e r ly  S ta tus  Report No. 7, March 1, 1969 
I n s t i t u t e ,  Menlo Park, Cal i fornia ,  Contract NASr-49( 30) 
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recombination on the  r eac to r  wal l .  The atoms which do not t r ave r se  the  
tube depar t  through the  i n l e t ,  i ,e . ,  they are "ref lected."  There have 
been a number of t h e o r e t i c a l  approaches to such flow s i tua t ions ,3  but 
a l l  have t r e a t e d  the  case of a s t r a i g h t  tube of uniform c ross  sec t ion  
w i t h  no c o n s t r i c t i n g  aper tures  a t  e i t h e r  end. W e  have proceeded from 
t h i s  point  with an ana lys i s  of molecular flow through a tube with 
aper tures  a t  e i t h e r  end and with w a l l s  exh ib i t i ng  spec i f i ed  absorpt ion 
e f f i c i e n c i e s .  
The model is  depicted i n  Fig. 1. W e  make the  fundamental assumption 
t h a t  atoms s t r i k i n g  the  w a l l s  a r e  e i t h e r  absorbed w i t h  a probabi l i ty  Cy 
or a r e  d i f f u s e l y  r e f l e c t e d  with a s p a t i a l  d i s t r i b u t i o n  dens i ty  varying 
with t h e  cosine law defined by the  angle  between the  normal and the  
d i r e c t i o n  of departure .  From t h i s  w e  can s t a t e  an inf luence  funct ion 
which def ines  the  f r a c t i o n  of atoms e m i t t e d  from one element of sur face  
inc ident  on a second element, and v i ce  versa .  Three such inf luence  
func t ions  are required.  One, w def ines  atom t r a n s f e r  between elements 
on t h e  opposi te  end p l a t e s  of the  r eac to r  (ring-on-ring);  t he  second, 
w between elements on the  end p l a t e s  and those on the  tube wall  
( ring-on-band) ; t he  th i rd ,  w between d i f f e r e n t  elements on the  w a l l  
of the tube  (band-on-band). I f  w e  def ine  f as the  f l u x  dens i ty  of atoms 
inc ident  on a surface,  then (1 -a ) f  becomes the  f l u x  dens i ty  of r e f l ec t ed  
atoms from t h a t  sur face .  For steady s t a t e ,  then, w e  may w r i t e  a sys t em 
of i n t e g r a l  equations which descr ibe the  ne t  f l u x  of atoms a t  any point 
on the  sur face  i n  the  reac tor  as the  summation over the  su r face  elements 
of the  product of the  emitted f l u x  and the  appropr ia te  inf luence func- 
t ions .  A s  a consequence of t he  geometry of the  model, t h ree  equations 
rr' 
b r' 
bb' 
3See S. Dushman, "Sc ien t i f i c  Foundations of Vacuum Technique," John 
Wiley d Sons, New York, Revised e d i t i o n  1949, pp. 87-95. 
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w e  required: one for end 1 (Fig.  1): 
and for end 2 (Fig.  1) : 
and a t h i r d  for t he  tube w a l l  (F ig .  1) : 
L 
z = o  
R 
+[ Wrb ( r, 0) f (  r, o[l-Cr( r, 0) 1 Znrdr 
0 
R 
0 
An ou t l e t  apera ture  of rad ius  r2 is  accounted for i n  t h i s  model by 
s e t t i n g  Cy = 1 for o<r<r, i n  end 2. The atom source, providing a flux 
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of cons tan t  dens i ty  through an ape r tu re  of rad ius  r l  i n  end 1, is  obtained 
by replacing f ( r , o )  by a source funct ion on the  lef t -hand s i d e  of Eq. 2 
f o r  &fir,, and i n  the  second i n t e g r a l s  of Eqs. 3 and 4. This system of 
equations can be solved by approximating the  d i f f e r e n t i a l s  with f i n i t e  
elements. The r e su l t  i s  a l i n e a r  system of a lgeb ra i c  equations which 
gives  the  average net  f l u x  dens i ty  on any element of area.  
A g rea t  advantage of t h i s  model i s  t h a t  t he  e f f e c t i v e  absorpt ion 
probabi l i ty  a can be var ied  from point  t o  point  on the  r eac to r  sur faces  
t o  account f o r  var ious specimen geometries employed i n  ac tua l  experi-  
ments. Computer programming and i n i t i a l  t e s t  computations a r e  now i n  
progress.  
Application of the  Model. The model accounts f o r  atom removal only 
a t  the  r eac to r  w a l l  or end p la tes .  The r e l a t i o n s h i p  of a cen t r a l ly -  
suspended metal specimen t o  one s i t u a t e d  on the  w a l l  must be determined 
empir ical ly .  To do t h i s  w e  conducted experiments with wall  l i n e r s  of 
s i l v e r  f o i l  i d e n t i c a l  i n  source, pretreatment, and geometric sur face  
a rea  t o  the  s i l v e r  ribbon specimen used i n  earlier experiments.' By 
observing the  atom f l u x  a t  the  o u t l e t  a s  the  s i l v e r  wall  l i n e r  was moved 
from one end of the  r eac to r  t o  the  other,  we demonstrated t h a t  the  atom 
l o s s  c o e f f i c i e n t  f o r  the  two specimen geometries coincided when the  w a l l  
l i n e r  was s i t u a t e d  adjacent  t o  the  o u t l e t  end of the  reac tor .  Hence, w e  
s h a l l  be ab le  t o  r e i n t e r p r e t  the  extensive da t a  w e  have already obtained 
from suspended ribbon specimens, and make use of t h i s  convenient geometry 
for f u r t h e r  experiments with f u l l  confidence t h a t  they can be in t e rp re t ed  
by the  new a n a l y t i c a l  model. 
2. Measurements with Titanium Specimen 
6 
A ribbon, c u t  from t y p e  75A commercially pure 0.001 t i tanium f o i l , 4  
4Manufacturers impurity ana lys i s :  0.05% C; 0.0064/0 H,; 0.31R 0,; 0.010% N,; 
0.21% Fe. 
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w a s  mounted i n  the  reac tor .  In  every o ther  respec t  the  apparatus w a s  
i d e n t i c a l  t o  t h a t  described i n  preceding reports .5  The quadrupole mass 
analyzer  w a s  c a l i b r a t e d  before  and a f t e r  each experiment i n  the  manner 
previously described. 
Before exposing the  t i tanium specimen t o  atomic oxygen, t h e  ribbon 
was annealed a t  temperatures up t o  900°C and degassed under high vacuum 
condi t ions.  During t h i s  treatment l a r g e  q u a n t i t i e s  of hydrogen and water 
were observed flowing out  of the  r eac to r .  CO and CO, were a l s o  noted but 
i n  considerably smaller  q u a n t i t i e s  ( less than 1% of the  €I2). 
continued heat ing a t  55OoC,  t he  water, CO, and CO, diminished q u i t e  
rap id ly  r e l a t i v e  t o  the  hydrogen, which required severa l  hours t o  reduce 
t o  l e s s  than 10% of i t s  o r ig ina l  value.  
Upon 
Following t h i s  treatment, the  ribbon, a t  25OC,  was exposed t o  a f l u x  
of atomic oxygen from the  tungsten ribbon source a t  the  reac tor  i n l e t .  
N o  f l u x  of oxygen atoms w a s  observed a t  the  r eac to r  ou t l e t ,  and t h i s  
s i t u a t i o n  pe r s i s t ed  during the  approximately hour-long dura t ion  of t h i s  
experiment (Tab le  I ) .  
Af te r  evacuating the  r eac to r  t o  base pressure (-lo-’ t o r r )  t h e  
specimen was heated t o  75OoC. 
major components l i be ra t ed ;  no atomic oxygen w a s  observed. 
As before, water and hydrogen were the  
The specimen was then d e l i b e r a t e l y  oxidized by heat ing t o  7 5 O o C  i n  
N 
molecular oxygen a t  P = l o v 6  t o r r  f o r  a period of 105 minutes. 
t h i s  t i m e  t he  s t eady- s t a t e  oxygen pressure diminished, rap id ly  a t  first, 
then more slowly. When the  ribbon w a s  cooled, t he  oxygen pressure rose 
t o  i t s  o r i g i n a l  value wi th in  a f e w  minutes. The specimen exhib i ted  no 
dramatic change i n  appearance; i t  was s t i l l  a s a t i n  s i l v e r y  grey  i n  color,  
as i t  had been o r ig ina l ly .  
During 
5Quar te r ly  S ta tus  Report No. 6, December 1, 1968. 
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A repeat  of t h e  atomic oxygen exposure experiment now gave s i g n i f i -  
can t ly  d i f f e r e n t  r e s u l t s .  A s u b s t a n t i a l  f r a c t i o n  of the  inc ident  atomic 
oxygen appeared a t  the  o u t l e t  of t he  r eac to r  (Table  1) .  
s impl i f ied  theory, w e  computed t h e  value of the  atom l o s s  c o e f f i c i e n t  t o  
be I\ = 0.03. 
Based on the  
When the  specimen w a s  heated under these condi t ions,  the  p i c tu re  
changed dramatical ly  (F ig .  2 ) .  
atomic and molecular oxygen diminish but  t he  former much less s o  than 
the  l a t t e r .  The molecular oxygen reac t ion  rate changes with t i m e  i n  
such a way t h a t  the  pressure of 0, increases  u n t i l  a new steady s t a t e  is 
a t t a ined .  Cooling the  t i tanium r e s t o r e s  the molecular oxygen near ly  t o  
i t s  o r i g i n a l  pressure, b u t  the  atomic oxygen p res su re  remains a t  a 
reduced value (F ig .  2) . 
A t  a specimen temperature of 5OO0C, both 
F ina l ly  a subsequent experiment c a r r i e d  out  i n  pure molecular oxygen 
showed no change i n  the  r a t i o  AMU16/AhRJ32 with t i tanium specimen tempera- 
ture, and very l i t t l e  a f f i n i t y  f o r  molecular oxygen. However, the  r ib-  
bon had now acquired a d i s t i n c t  blue co lora t ion ,  presumably an oxide 
f i lm  of some thickness .  
C. Discussion 
The behavior of t i tanium i n  the  presence of atomic and molecular 
oxygen i s  complex. I t  seems l i k e l y  t h a t  the  complexity may be r e l a t ed  
t o  v a r i a t i o n s  i n  the  sur face  composition of the  specimen. A t  least four  
oxides of t i tanium, viz . ,  TiO, Ti,O,, Ti305,  and TiO,, have been char- 
ac t e r i zed  and a r e  known t o  be highly stable compounds, even a t  molecular 
oxygen pressures  less than lo-' t o r r .  In  addi t ion,  there  undoubtedly 
e x i s t  nonstoichiometric titanium-oxygen combinations which may exh ib i t  
varying degrees of s t a b i l i t y  r e l a t i v e  t o  t h e  s to ich iometr ic  oxides. In  
one study6 it w a s  es tab l i shed  t h a t  t i tanium reacted i n i t i a l l y  with oxygen 
6P. Kofstad: J. Less-Common Metals, 12, 449 (1967) . -
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a t  l o w  pressures  by d i s so lu t ion  of the  gas i n t o  t h e  metal la t t ice .  The 
r a t h e r  dramatic i n i t i a l  enhancement i n  the  a f f i n i t y  of the m e t a l  f o r  
molecular oxygen versus  atomic oxygen upon hea t ing  ( F i g .  2) may be caused 
by a s i g n i f i c a n t  d i f f e rence  i n  the  energ ies  of a c t i v a t i o n  f o r  molecular 
oxygen d i s s o l u t i o n  compared t o  atomic oxygen d i s so lu t ion .  The a c t i v a t i o n  
energy value f o r  the  former process has  been reported4 t o  be 22 kcal/mole, 
while one would expect the  l a t t e r  process t o  be v i r t u a l l y  nonactivated.' 
Hence, though the r a t e  of i n t e r a c t i o n  of t i t an ium with molecular oxygen 
may be s u b s t a n t i a l l y  slower than with atomic oxygen a t  25'C, the  s i t u a -  
t i o n  may be reversed a t  50OoC. 
r e l a t i v e  t o  0 con t r ibu te s  t o  the  observed d i f f e rence  i n  reac t ion  r a t e .  
A l s o  t he  high concentrat ion of 0, 
The high r e a c t i v i t y  of the  vacuum annealed specimen f o r  atomic 
oxygen w e  a t t r i b u t e  t o  a r e l a t i v e l y  c l ean  metallic sur face .  The appear- 
ance of water and hydrogen during the  annealing process suggests t h a t  
oxides on the  su r face  may have been reduced by t h i s  treatment, leaving 
c lean  t i tanium with a very high a f f i n i t y  f o r  atomic oxygen. Conceivably, 
long exposure of t h i s  sur face  t o  t h e  atomic oxygen atmosphere would have 
passivated i t  .. 
D. P r a c t i c a l  Conclusions 
(1) The complex behavior of t i tanium i n  the  presenceof atomic and 
molecular oxygen prompts us  t o  conclude t h a t  use of t h i s  metal i n  or near  
the  sampling chamber of a f l i g h t  mass spectrometer requi res  passivat ion 
of the  m e t a l  sur face  by pretreatment w i t h  oxygen. But t he  condi t ions  
under which such a passivated sur face  w i l l  be s t a b l e  a r e  not  clearly 
es tab l i shed  and may be d i f f i c u l t  t o  a t t a i n  i n  t h e  upper atmosphere. A s  
a r e s u l t ,  v a r i a t i o n  i n  a c t i v i t y  with exposure t i m e  is  t o  be expected. 
(2 )  The new t h e o r e t i c a l  model may be of d i r e c t  value i n  i n t e r p r e t -  
ing the  atomic oxygen data reported by the  OGO-F sa te l l i t e  m a s s  
spectrometer, because the  conf igura t ion  of the  sampling antechamber i n  
t h i s  instrument is cy l ind r i ca l .  Some co r rec t ions  may be required due 
t o  the  pos i t ion  of t h e  o u t l e t  aper ture  on the  s i d e  of the  cy l inder .  This 
quest ion w i l l  be pursued i n  our f u t u r e  work. 
8 
E. Future Work 
Our immediate plans are twofold. (1) We shall complete the work 
on the analytical model and apply it to the experimental data we have 
accumulated. (2) Experimental measurements on the metals of greatest 
interest, viz., gold and silver, will be continued using electroplated 
and/or evaporated films instead of foils for specimens. 
F. Personnel 
Personnel who have participated in this program during the past 
quarter include B. R. Baker, Henry Wise, and Bernard J. Wood. 
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